Background A giant cell tumor is a benign locally aggressive tumor commonly seen in the distal radius with reported recurrence rates higher than tumors at other sites. The dilemma for the treating surgeon is deciding whether intralesional treatment is adequate compared with resection of the primary tumor for oncologic and functional outcomes. More information would be helpful to guide shared decision-making. Questions/purposes We asked: (1) How will validated functional scores, ROM, and strength differ between resection versus intralesional excision for a giant cell tumor of the distal radius? (2) How will recurrence rate and reoperation differ between these types of treatments? (3) What are the complications resulting in reoperation after intralesional excision and resection procedures? (4) Is there a difference in functional outcome in treating a primary versus recurrent giant cell tumor with a resection arthrodesis? Methods Between 1985 and 2008, 39 patients (39 wrists) were treated for primary giant cell tumor of the distal radius at two academic centers. Twenty patients underwent primary intralesional excision, typically in cases where bony architecture and cortical thickness were preserved, 15 underwent resection with radiocarpal arthrodesis, and four had resection with osteoarticular allograft. Resection regardless of reconstruction type was favored in cases with marked cortical expansion. A specific evaluation for purposes of the study with radiographs, ROM, grip strength, and pain and functional scores was performed at a minimum of 1 year for 21 patients (54%) and an additional 11 patients (28%) were available only by phone. We also assessed reoperations for recurrence and other complications via chart review.
none of the 15 after en bloc resection (p = 0.030). There was no relationship between tumor grade and recurrence. There were 12 reoperations in eight of 17 patients in the intralesional excision group but only one of 11 patients (p = 0.049) who underwent resection arthrodesis with distal radius allograft had a reoperation. There were no differences in functional scores whether resection arthrodesis was performed as the primary procedure or to treat recurrence after intralesional excision. Conclusions Resection for giant cell tumor of the distal radius with distal radius allograft arthrodesis showed a lower recurrence rate, lower reoperation rate, and no apparent differences in functional outcome compared with joint salvage with intralesional excision. Because an arthrodesis for recurrence after intralesional procedures seems to function well, we believe that intralesional excision is reasonable to consider for initial treatment, but the patient should be informed about the relative benefits and risks of both options during the shared decision-making process. Because arthrodesis after recurrence functions similar to the initial resection and arthrodesis, an initial treatment with curettage remains a viable, and likely the standard, mode of treatment for most giant cell tumors of the distal radius unless there is extensive bone loss. Level of Evidence Level III, therapeutic study.
Introduction
The distal radius is the third most common location for giant cell tumor of bone after the distal femur and proximal tibia, accounting for approximately 10% to 15% of cases [10, 27, 29, 30, 40] . Numerous authors have identified the distal radius as being particularly prone to recurrence [2, 8, 10, 13, 16, 21, 30, [36] [37] [38] [39] . The suspected contributing factors for this high rate of recurrence include the anatomic geometry of the distal radius, complexity of the distal radioulnar joint, and the paucity of surrounding muscle coupled with the close proximity of critical structures such as the median nerve, radial artery, and flexor and extensor tendons that make establishing wider margins challenging.
Although the oncologic outcome with en bloc resection is reported to be excellent [2, 10, 16, 18, 27, 29, 36] , this procedure sacrifices the joint, results in a major reconstruction, and functional outcomes are questionable. Intralesional excision preserves the joint but even if used in combination with surgical adjuvants has a reasonably high risk of local recurrence [18, 28, 30, 36] . Variables reported to influence local recurrence include the Campanacci grade [2, 18, 22, 27, 30, 34] , pathologic fracture [27, 30, 40] , tumor location [2, 13, 16, 27, 36, 39, 40] , type of adjuvant used [2, 7, 10-12, 16, 17, 25, 27, 30, 32, 35, 36, 38] , and treatment of a primary versus a recurrent tumor [2, 27, 38] .
En bloc resection has been reported to result in a lower local recurrence rate compared with an intralesional excision [2, 10, 16, 18, 27, 29, 36] .
Therefore we attempted to answer the following questions: (1) How will validated functional scores, ROM, and strength differ between resection procedures versus intralesional excision for giant cell tumors of the distal radius? (2) How will recurrence rate and reoperation differ between these types of treatments? (3) What are the complications resulting in reoperation after intralesional excision and resection procedures? (4) Is there a difference in functional outcome in treating a primary versus recurrent giant cell tumor with a resection arthrodesis?
Patients and Methods

Study Design and Setting
This was a retrospective comparative study of intralesional excision, resection arthrodesis, and resection with osteoarticular allograft for giant cell tumors of the distal radius at two tertiary orthopaedic oncology referral centers during a 25-year period.
Participants and Study Subjects
After obtaining institutional review board approval, the musculoskeletal oncology databases from the two participating institutions were reviewed from 1985 to 2008, and all patients who underwent surgery for a primary giant cell tumor of the distal radius during the study period were identified with no exclusions. Thirty-nine such patients were identified with pathologic confirmation of a giant cell tumor at the time of surgery, however we did not personally review the pathology slides.
Accounting for All Patients and Study Subjects
At the time of data collection, one patient had died, leaving 38 patients from the initial cohort. Of those, six (16%) were lost to followup and the remaining 32 (84%) were available for followup at a median of 132 months and mean of 135 months (SD, 94; range, 14-309 months). Those available for followup included 17 of the original 20 (85%) from the intralesional excision cohort, 11 of the original 15 (73%) from the arthrodesis cohort, and four of four (100%) from the osteoarticular allograft cohort. The mean duration of followup in the osteoarticular allograft group (245 months) was greater than that of the intralesional excision (100 months) and resection arthrodesis (153 months) groups (p = 0.0194).
Description of Experiment, Treatment, or Surgery
The primary surgery included intralesional excision in 20 patients (51%), resection of the distal radius with radiocarpal arthrodesis in 15 (38%), and resection of the distal radius with osteoarticular allograft without arthrodesis in four (10%). Intralesional excision typically was recommended in lessadvanced cases with modest cortical thinning, well-maintained bony architecture, and no cortical disruption or pathologic fracture. Resection typically was recommended for patients who did not meet these criteria, with the choice of reconstruction (arthrodesis versus osteoarticular allograft) being at the surgeons' and patients' discretion. Numerous patients with advanced disease still chose to undergo intralesional excision in this setting. While there was variability in surgical strategy, most procedures were performed through a dorsal approach and the most common means of adjuvant therapy were burr exteriorization and polymethylmethacrylate cementation (Table 1 ). All patients undergoing osteoarticular allografting underwent a volar approach and plate fixation. We used the Campannaci grading system [9] to classify the preoperative grade on the preoperative images: a Grade 1 lesion has a well-defined margin and an intact cortex; a Grade 2 lesion has a relatively well-defined margin but no radiopaque rim, and the cortex is thinned and moderately expanded; and a Grade 3 lesion has indistinct borders and cortical destruction. A greater percentage of patients with Campanacci [9] Grade II disease underwent intralesional excision (13 of 15) and patients with Grade III disease underwent resection (13 of 24) (p = 0.0017). Although there was some variation among centers and surgeons, patients typically would be followed up at 2 weeks, 6 weeks, 3 months, 6 months, and 1 year postoperatively with clinical visits and radiographs. Owing to the long-term nature of this study, all included patients for whom there was followup returned for a specific research visit or were contacted via phone at the designated time of final followup.
Variables, Outcome Measures, Data Sources, and Bias Pain level was assessed with a VAS, oncologic functional outcome status was assessed with the Musculoskeletal Tumor Society (MSTS) score [14] , and upper extremity function was assessed with the DASH questionnaire at final followup. Twenty-six patients had wrist radiographs performed and wrist arthrosis was assessed according to the grading scale of Knirk and Jupiter [20] . This system designates for Grade 1 as slight joint space narrowing, Grade 2 as marked narrowing with osteophyte formation, and Grade 3 as bone-on-bone narrowing with osteophyte and cyst formation. Twenty-two patients had physical examinations at final followup that included side-to-side comparisons of wrist and forearm ROM using standard goniometry and grip strength with standard Jamar dynamometry.
Oncologic outcome by surgical type (intralesional excision versus en bloc resection) was assessed according to the first treatment rendered. Functional outcome by treatment type was assessed according to the most recent treatment rendered (intralesional excision versus resection arthrodesis versus resection with osteoarticular allograft).
All chart reviews, clinical visits for research purposes, and phone surveys were performed by individuals other than the treating surgeons (RWW, ES).
Statistical Analysis and Study Size
Our statistical analysis included Fisher's exact tests to compare groups for dichotomous outcomes, Wilcoxon rank-sum tests to compare groups for continuous outcomes, Kaplan-Meier survival curves to display recurrence-free survival, and log rank tests to compare recurrence-free survival. Side-to-side comparisons were made in each group, and between-group comparisons were made by comparing the affected side as a percentage of the unaffected side for strength and ROM. Separate subgroup analyses were performed for differences in functional or oncologic outcome according to Campanacci grade and type of surgical treatment. Functional outcome also was compared based on whether the patient had a recurrence or whether an arthrodesis was performed as a primary or secondary procedure. For VAS pain scale with values from 0 to 10, group sample sizes of 20 and 15 achieve 80.000% power to reject the null hypothesis of equal means when the population mean difference is l1 to l2 = 0.0 to À1.5 = 1.5 with a SD for both groups of 1.5 and a significance level (alpha) of 0.050 using a two-sided twosample equal-variance t-test.
Demographics and Description of Study Population
The mean age of the patients at the time of surgery was 34 years (SD, 14; range, 16-56 years), and there were 22 (56%) males and 17 (44%) females. Twenty-six lesions (67%) were on the right and 13 (33%) on the left. The dominant side was affected in 26 (67%) patients. According to the staging system of Campanacci [9] , no patients had Grade I disease, 15 (38%) had Grade II disease, and 24 (62%) had Grade III disease at the time of treatment. One (3%) patient had pulmonary metastases at the time of diagnosis, 21 (54%) had cortical disruption secondary to tumor growth with four (10%) having extension into the radiocarpal joint, and nine (23%) had pathologic fractures.
Results
Functional Scores, ROM, and Strength
With the numbers available, there were no important differences between the treatment groups in terms of validated functional scores, ROM, or strength. The intralesional excision, arthrodesis, and osteoarticular allograft groups, respectively, had mean DASH scores (7, 3, and 20) , VAS scores (1, 0, and 2), and MSTS scores (90, 90, and 87) which showed no differences ( Fig. 1 ). Final groupings included 12 patients with intralesional excision, 16 with arthrodesis, and four with osteoarticular allograft. The comparative subgroup analysis results among the three treatment cohorts based on final treatment for ROM and strength revealed no differences in grip strength, and the only applicable difference in ROM was decreased supination in the arthrodesis group (73°) compared with the intralesional excision group (80°) (p = 0.037) ( Table 2 ).
The patients who had intralesional excision also retained a flexion and extension arc that was absent in the patients who had arthrodesis, which could provide improved function. There were more tumor recurrences in the intralesional excision cohort than in the resection arthrodesis or osteoarticular allograft cohorts (six of 17 versus 0 of 11 and 0 of four, respectively; log rank tests chi-square = 7.016, p = 0.03). There was no difference in recurrence between the two centers. The mean time to recurrence was 19 months (range, 8-47 months) (Fig. 2) . Of the six tumor recurrences, three were Campanacci Grade II and three were Grade III at the time of initial treatment. There was no relationship between the likelihood of recurrence and Campanacci grade, pathologic fracture, or penetration through the cortex. Three patients underwent repeat intralesional excision and three underwent resection with allograft arthrodesis as their subsequent procedure for recurrence. Of the three patients undergoing repeat intralesional excision, two remained disease-free at the time of final followup, whereas one had a second recurrence develop 10 months postoperatively and was treated with a resection and allograft arthrodesis after this second recurrence. This patient was disease-free at final followup.
Of the three patients with initial recurrences treated with resection and allograft arthrodesis, two remained diseasefree at final followup, whereas one had tumor recurrence at the second metacarpal base at 36 months that was treated with intralesional excision, and the patient was disease-free at final followup.
Other Complications After Intralesional Curettage and Resection
With the numbers available there were no differences in the frequency of reoperation among the groups. In the total cohort there were 16 reoperations in 12 patients (38%), including 12 operations in eight patients (47%) of the intralesional excision group, four operations in three patients (27%) in the arthrodesis group, and zero patients (0%) in the osteoarticular allograft group (Fig. 3) . Eight reoperations were performed for recurrence and eight for reasons other than recurrence (Table 3 ). In the intralesional excision group, five patients (29%) underwent eventual allograft arthrodesis for either recurrence (four) or fracture (one). Of the 11 patients who underwent distal radius resection with reconstruction specifically using distal radius allograft either as their primary procedure or as a repeat operation after intralesional excision, the union rate was 100% with only one reoperation (9%), which was the distal ulna resection in a patient who had an arthrodesis after a failed intralesional excision. Nonunion occurred in one of the six (17%) patients with fibular autograft fusion, one of the three (33%) with ulnar transposition and fusion, and one of the three (33%) with fibular allograft fusion. When the reoperation rate after reconstruction with distal radius allograft was compared with the rate of intralesional excision, a higher reoperation rate was seen with intralesional excision (eight reoperations in 17 patients undergoing intralesional excision [47%] versus one in 11 patients undergoing distal radius allograft arthrodesis [9%]; p = 0.049). We theorize the success of reconstruction using distal radius allograft potentially is attributable to a better overall surface area match between the native radius and a radius allograft than a narrower bone such as the fibula. The surface area also allows the surgeon to make a step cut in the radius to allow for further increased surface area and some intrinsic stability. Review of radiographs at final followup revealed no patients with nonunion, hardware complications, or adjacent arthritis in the arthrodesis cohort. Of the patients who had osteoarticular allograft, radiographs were available at final followup for two, both of whom had Grade II arthrosis [20] . Of the 11 patients with available radiographs in the intralesional excision cohort who did not have conversion to arthrodesis at the time of final followup, five (45%) had radiographic signs of radiocarpal arthrosis, which was Grade I in two patients and Grade II in three patients. All five patients had Campanacci Grade II disease before surgery. There were no differences in the DASH, VAS, or MSTS scores between patients in the intralesional excision group with and without radiographic arthritis, respectively.
Functional Outcomes: Primary Versus Recurrent Giant Cell Tumor Treated by Resection Arthrodesis
There were no differences in DASH, VAS, or MSTS scores between whether an arthrodesis was done as the initial primary treatment (n = 11) or as a secondary procedure (n = 5) to treat a failed intralesional excision.
Discussion
A giant cell tumor of the distal radius is a locally aggressive, periarticular, benign neoplastic process with particularly high recurrence rates at the wrist compared with other sites [2, 15] , and the wrist is a joint where arthrodesis can function well in comparison to some major joints. These considerations raise the questions we set out to answer regarding how recurrence rates, functional outcomes, and complication and reoperation profiles differ between treatment groups, and whether there is a difference between undergoing an arthrodesis as the index procedure versus as treatment for a recurrence. Our goal was to provide results that can help counsel patients on balancing recurrence risk and reoperation rates versus functional loss for the principal treatment options. To our knowledge, this is the largest series of functional and oncologic outcomes of giant cell tumors of the distal radius and with the longest median duration of followup. This study had numerous limitations. It is retrospective and has a small sample size, but these are not uncommon for studies of patients with musculoskeletal tumors. With larger numbers, some of the expected differences in function between arthrodesis and mobile wrists might have become apparent. This is especially true for osteoarticular allografts of the distal radius, as in that group, there were only four patients. Conversely, selection bias may be present as patients with lower-grade disease were more likely to be treated with intralesional excision than those with higher-grade disease. Such bias could set up the resection group for worse oncologic and functional outcomes than the intralesional excision group. This selection bias is somewhat unavoidable as the current standard of care is for resection to be performed preferentially for more severe cases. There was also a lack of uniformity in the way the surgical procedures were performed, especially the different types of arthrodesis procedures and to a lesser degree the adjuvants used during intralesional excision. Six patients were lost to followup, and some patients available for followup did not have radiographs or physical examination data available, which introduces potential transfer bias to our study. We also did not have sufficient reconstruction types such as autograft fibula grafts used either for arthrodesis or osteoarticular reconstructions nor did we look at vascularized fibular grafts, so our ability to state that arthrodesis is a superior reconstruction method is limited. We can show only that the results in our patients provided them with reasonable function. With the number of patients analyzed, we could not detect a difference in the functional scores of the arthodesis group compared with those of the intralesional excision and osteoarticular allograft groups. However, the expected loss of wrist motion after arthrodesis did not seem to adversely affect function compared with the other groups. The patients undergoing intralesional excision did retain increased supination compared with the arthrodesis cohort, and the expected retained flexion and extension of the wrist which was absent in the arthrodesis cohort. Few studies have made direct comparisons in functional outcomes between treatment groups [13, 19, 33, 36] . Kang et al. [19] , in a series of 15 patients with Grade III tumors at a mean followup of 5 years, found greater grip strength (83% versus 58% of contralateral side) and improved VAS scores (1.2 versus 3) in nine patients treated with intralesional excision compared with six treated with arthrodesis. Cheng et al. [13] compared six patients treated with intralesional excision and six treated with osteoarticular allograft. At a mean followup of 6 years, the patients who had allograft retained 69% ROM and 70% grip strength compared with the contralateral side, whereas no measureable differences were seen in the intralesional group. Excellent results were seen in six of six in the intralesional group and four of six in the allograft group. Puloski et al. [33] compared intralesional excision and resection arthrodesis in 33 patients with aggressive distal radius tumors (25 giant cell tumors, eight sarcomas). They found poorer results by DASH (20 versus 8) and MSTS (27 versus 31) in the arthrodesis group compared with the intralesional excision group, respectively, and no difference in VAS scores. The arthrodesis group retained more strength in comparison to the unaffected side than the intralesional excision group (75% versus 53%). Radiographic arthritis was evident in 63% of patients who underwent intralesional excision. Sheth et al. [36] found comparable MSTS scores and grip strength when comparing intralesional excision and resection arthrodesis, respectively, for giant cell tumor of the distal radius in 26 patients. Some favorable functional results also have been reported for osteoarticular allograft reconstruction using proximal fibular autograft, however none were performed in our patients and there are concerns with high complication rates [1, 3, 6, 23, 24, 26, 31] .
Our results indicate a higher recurrence rate for patients treated with intralesional excision (35%) versus those treated with resection (0%). We also found a higher reoperation rate for intralesional excision (47%), specifically when compared with resection arthrodesis or osteoarticular allograft specifically using distal radius allograft (9%). The difference in recurrence is between intralesional excision and en bloc resection and is independent of the type of reconstruction used after resection. All of the patients who had intralesional excision eventually were disease free, and two of the six patients with recurrences maintained their distal radial joint. Many large series of intralesional excision for giant cell tumors in all locations reported recurrences between 10% and 25% [2, 8, 10, 11, 16, 19, 30, 35, 38, 39] . The distal radius is somewhat unique among locations for a giant cell tumor in that it has shown one of the highest rates of recurrence with intralesional surgery. McGough et al. [28] reported 30% recurrence in 33 patients, Harness and Mankin [18] reported 42% recurrence in 26 patients, Sheth et al. [36] reported 25% recurrence in 12 patients, and O'Donnell et al. [30] reported 50% recurrence in 10 patients. Conversely, en bloc resection of the distal radius with either arthrodesis or osteoarticular allograft has reported low recurrence rates of 0% [1, 4, 5, 13, 19, 31, 36, 39] , with few studies showing recurrence in greater than 25% [26, 29] .
We found that seven patients underwent eight operative procedures for reasons other than recurrence in the three treatment types, including four of 15 in the intralesional excision and four of 11 in the arthrodesis groups. Harness and Mankin [18] reported reoperations for reasons other than recurrence in nine of 20 patients who had intralesional excision. They did not break down reoperation rate for arthrodesis versus osteoarticular allograft. Sheth et al. [36] reported reoperations in four of 18 patients after intralesional excision for reasons other than recurrence, and four of 10 patients after arthrodesis in all cases for graft failure. Vander Griend and Funderburk [39] reported reoperation for reasons other than recurrence in five of 14 patients after arthrodesis for giant cell tumor, four of those being for graft failure or fracture. Our reoperation rates for intralesional excision and resection arthrodesis appear similar to those in several studies [18, 36, 39] . Although osteoarticular allograft for tumor does preserve wrist motion, concerns for distal radioulnar joint instability and other complications have been reported [6, 13, 21, 26, 39] . Bianchi et al. [6] found distal radioulnar joint instability in eight of 12 patients and all had cyst formation and joint space narrowing, but only one was painful. Kocher et al. [21] reported on 24 patients, of whom eight needed revision of the allograft. Seven had conversion of the allograft to arthrodesis, and one underwent an amputation. Of the 16 patients in whom the graft survived, 81% had pain. Cheng et al. [13] , Vander Griend and Funderburk [39] , and Maruthainar et al. [26] reported high rates of complications such as radiocarpal and distal radioulnar joint arthrosis or instability after osteoarticular allograft. Despite the favorable results with osteoarticular allograft in our series, we had few patients and we share the concerns that these authors have reported. If we had more osteoarticular allografts we might have had similar findings, therefore we do not favor this as the preferred treatment for giant cell tumors of the distal radius. Despite decreased supination in the arthodesis cohort, our data support no functional detriment in functional scores with arthrodesis compared with intralesional excision (Fig. 1) . The relatively high rates of radiographic arthritis in our patients and as reported by others [18, 30, 36, 39] are of unclear clinical importance.
With the numbers available, we detected no differences in pain scores or functional outcome measures whether an arthrodesis was done as an index or secondary procedure. To our knowledge, this has not been formally addressed in the literature, but we believe it is relevant in trying to counsel patients regarding whether the increased recurrence and reoperation rates of intralesional excision place them at risk of a poorer outcome if they have an arthrodesis later versus if they had an arthrodesis as their index procedure.
Our results should guide the treating surgeon to better shared decision-making with a patient who has a distal radial giant cell tumor of bone. We believe, based on this study, that primary treatment with intralesional excision is reasonable, because patients who had a salvage arthrodesis after a recurrence after an intralesional excision had no worse function than patients who underwent primary arthrodesis. Therefore, if a patient is willing to accept the higher recurrence and reoperation rates of an intralesional excision to preserve wrist ROM, it appears that the final outcome if they undergo arthrodesis in the future may be no different. Given the lower recurrence rates, lower reoperation rate, and functional scores that appear equivalent to those for intralesional excision, we encourage consideration of resection and allograft arthrodesis for primary treatment of giant cell tumors of the distal radius in patients with advanced Campanacci stage disease despite the decreased supination detected in our cohort. Because we did not study other reconstructive methods, we cannot state that arthrodesis is superior to other reconstruction options. Although patients with osteoarticular allograft in this series had no reoperations, our numbers are too small to comment definitively, but high complication rates have been reported in other series [6, 13, 21, 26, 39] . We now favor distal radius allograft arthrodesis because it has low reoperation and nonunion rates using this technique in our series compared with the overall reoperation rate in the series as a whole. Until further multicenter studies that include larger numbers of patients are completed, our results should be considered preliminary.
